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The thermodynamic p r o p e r t i e s  of C d i s s o l v e d  i n  s o l i d  No, W, Nb, and 
Ta were es t ima ted  from t h e  phase equ i l ib r ium diagrams of t h e  r e s p e c t i v e  
metal-carbon sys tems,  and knowledge of t h e  free e n e r g i e s  of format ion  of t h e  
d i -me ta l  c a r b i d e s  i n  equ i l ib r ium with t h e  t e r m i n a l  s o l i d  s o l u t i o n s .  
of t h e  p a r t i a l  molar h e a t s  and v i b r a t i o n a l  e n t r o p i e s  of carbon i n  t h e  
t e r m i n a l  s o l i d  s o l u t i o n s  are p resen ted ,  and t h e  accuracy  of t h e  c a l c u l a 2 i c n s  
Values 
is d i s c u s s e d .  
J 
1. 
I. INTRODUCTION --- 
The i n t e r s t i t i a l  e lements ,  C ,  0 ,  N, p r e s e n t  i n  small q u a n t i t i e s ,  e x e r t  
a p o t e n t  effect  on t h e  mechanical p r o p e r t i e s  of t h e  r e f r a c t o r y  metals Mo, W ,  
Cb, and T a .  
and p r e c i p i t a t i n g  t e n d e n c i e s ,  and t h e r e f o r e  c l o s e l y  connected wi th  t h e i r  
thermochemical p r o p e r t i e s  i n  s o l i d  s o l u t i o n .  
The thermodynamic p r o p e r t i e s  of t h e  i n t e r s t i t i a l  e lements  i n  t h e  
r e f r a c t o r y  metals have n o t  y e t  been e v a l u a t e d .  
f i c u l t  t a s k  because of t h e  r e s t r i c t e d  s o l u h i l i t e s  and h igh  tempera tures  i n -  
vo lved .  
t o r y  metal - i n t e r s t i t i a l  element systems has  become a v a i l - a b l e  however, t o  
s u g g e s t  t h a t  as a first s t e p ,  an a t tempt  t o  e v a l u a t e  t h e  thermodynamic 
p r o p e r t i e s  from t h e  e q u i l i b r i u m  diagrams should be  made. 
c a l c u l a t i o n s  fo r  C i n  140, W ,  C b ,  and Ta are  p r e s e n t e d  i n  t h e  fo l lowing .  
This  effect  i s  r e l a t e d  t o  t h e i r  s e g r e g a t i n g ,  compound forming,  
T h i s  is an i n h e r e n t l y  d i f -  
S u f f i c i e n t  in format ion  about  t h e  b i n a r y  phase equi1ibr.i.a i n  refrac- 
Dctails o f  such 
11. METHOD 
The t e r m i n a l  s o l i d  s o l u t i o n s  of C i n  t h e  f o u r  r e f r a c t o r y  m e t a l s  
e x i s t  i n  e q u i l i b r i u m  wi th  c a r b i d e s  of  t h e  formula Me C .  A t  h igh  tempera tures  2 
t h e s e  c a r b i d e s  t o l e r a t e  a n  a p p r e c i a b l e  carbon d e f i c i t ,  and t h e r e f o r e  t h e  
composi t ion  of c a r b i d e  i n  e q u i l i b r i u m  wi th  t h e  t e r m i n a l  s o l i d  s o l u t i o n s  
is s u b - s t o i c h i o m e t r i c ,  and v a r i a b l e  wi th  tempera ture .  The comprehensive 
s t u d y  of p h a s e - e q u i l i b r i a  i n  t h e  r e f r a c t o r y  c a r b i d e  systems by Rudy and 
co-workers’presents some informst  i on  about  t h e  l o c a t  i o n  of t h e  boundar ies  
Of t h e  Me C phases  i n  t h e  e q u i l i b r i u m  diagrams,  and t h i s ,  i n  c o n j u n c t i o n  
2 
2. 
with  a knowledge of t h e  f ree  e n e r g i e s  of formation of t h e  c a r b i d e s ,  makes 
it p o s s i b l e  t o  estimate t h e  e n t r o p i e s ,  e n t h a l p i e s ,  and free e n e r g i e s  of 
mixing of carbon i n  t h e  t e r m i n a l  s o l u t i o n s .  
To begin  w i t h ,  it is  noted  t h a t  t h e  thermodynamic p r o p e r t i e s  of C 
i n  t h e  t e r m i n a l  s o l u t i o n s  can be simply c a l c u l a t e d ,  if t h e  d e v i a t i o n  from 
s t o i c h i o m e t r y  of t h e  He C phase i s  ignored.  
by Swalin,  r e q u i r e s  a knowledge of t h e  s t a n d a r d  free energy of format ion  
of t h e  c a r b i d e ,  A G O  
f u n c t i o n s  of tempera ture .  As s h o m  by Swalin,  f o r  x << 1 




and t h e  s o l u b i l i t y  of carbon i n  t h e  metal x , as  f’ 
a 
where b = t h e  mol f r a c t i o n  o f  carbon i n  t h e  c a r b i d e ,  = 1/3  f o r  Me2C. 
now t h e  p a r t i a l  molar e n t h a l p y ,  An:, and t h e  v i b r a t i o n a l  e n t r o p y ,  A$:c, of 
If 
carbon i n  t h e  t e r m i n a l  s o l i d  s o l u t i o n s  are assumed independent  of tempera ture ,  
as wel l  as composi t ion,  and fur thermore ,  t h e  d i s t r i b u t i o n  of carbon atoms 
i n  t h e  t e r m i n a l  s o l u t i o n s  ssamed t o  be random t h e  p a r t i a l  molar f ree  er.ci-gy 
- T(A? t Asa ) where AS:c, t h e  conf ig-  of carbon may be  w r i t t e n  A G Z  = Ah: 
u r a t i o n a l  e n t r o p y  of carbon,  may be expressed  as  
vc C C  
Combining t h e  above wi th  e q u a t i o n  (1) 
AP C - TAS:~ 
A p l o t  of t h e  f u n c t i o n  on t h e  
s t r a i g h t  l i n e  of s l o p e  -ASvc, -a 
r i g h t  o f  e q u a t i o n  ( 3 )  VS.  T should 
and in t e rcep t ,  A?. 
C 
( 3 )  
y i e l d  a 
3 .  
As mentioned, however, i n  t h e s e  systems t h e  composi t ion of c a r b i d e  i n  
e q u i l i b r i u m  w i t h  t h e  t e r m i n a l  s o l i d  s o l u t i o n s  i s  non-s to ich iometr ic ,  and 
variable wi th  tempera ture ,  ; .e. ,  t h e  c a r b i d e  i s  s t a b l e  o v e r  a range  of 
composi t ions.  I n  o r d e r  t o  o b t a i n  a p r e c j s e  d e t e r m i n a t i o n  of t h e  chemical  
p o t e n t i a l  of carbon i n  t h e  t e r m i n a l  s o l u t i o n  from t h e  e q u i l i b r i u m  diagram 
it is t h e r e f o r e  necessary  t o  e s s e n t i a l l y ,  know AGO as a f u n c t i o n  o f  composi t ion ,  
as  w e l l  as tempera ture .  
energy of format ion  of t h e s e  r e f r a c t o r y  c a r b i d e s  wi th  composi t ion h a s  
r a r e l y  been measured, s o  t h a t  exper imcnta l ly  determined r e l a t i o n s h i p s  f o r  
AGo(x) do n o t  e x i s t .  
r e l a t i o n s h i p s  may be p r e d i c t e d ,  i f  s i m p l i f y i n g  assumptions are made about  
t h e  n a t u r e  and d i s t r i b u t i o n  of l a t t i c e  d e f e c t s  i n  t h e  non-s to ich iometr ic  
compounds, and it is t h u s  p o s s i b l e  t o  allow f o r  t h e  non-stoichiometry of 
t h e  c a r b i d e  i n  d e r i v i n g  t h e  thermodynamic p r o p e r t i e s  o f  d i s s o l v e d  carbon 
from t h e  e q u i l i b r i u m  diagram. 
f 
As might be e x p e c t e d ,  t h e  v a r i a t i o n  of t h e  f ree  
3 
Wagner has  shown, however, t h a t  t h e  form of such f 
The assumptions which must be made about t h e  n a t u r e  of t h e  l a t t i c e  
d e f e c t s  i n  t h e  non-s to ich iometr ic  Me C c a r b i d e s  a re  c l e a r l y  i n d i c a t e d  by 2 
t h e  s t r u c t u r e  of t h e s e  compounds. 
packed s t r u c t u r e  i n  t h e s e  c a r b i d e s ,  and t h e  carbon atoms occupy one-half  
of t h e  o c t a h e d r a l  i n t e r s t i t i a l  s i tes i n  t h i s  s t r u c t u r e .  I n  Mo C it h a s  
been shown t h a t  t h e  occupancy o f  t h e  
Mo atom h a s  t h r e e  e q u i d i s t a n t  carbon n e i g h b o r s ,  and t h a t ,  c o n s i d e r i n g  t h e  
s t r u c t u r e  as a sequence of close-packed p l a n e s ,  carbon atoms i n  adjac.ent 
p l a n e s  do n o t  l i e  d i r e c t l y  above each o t h e r .  T h i s  d i f f e r s  from t h e  a n t i -  
CdI 
The metal atoms form a hexagonal-close- 
2 
4 
o c t a h e d r a l  s i tes  i s  such t h a t  each 
s t r u c t u r e  proposed f o r  \? c ,  and it h a s  been sugges ted  t h a t  t h e  s t r u c t u r e  
2 2 
4. 
of t h e  d i ine ta l  caribides could  b e a r  f u r t h e r  s tudy .  
however, it i s  s u f f i c i e n t  t o  know t h a t  t h e  o c t a h e d r a l  s i t e s  i n  t h e  hcp metal 
s t r u c t u r e  may be d iv ided  i n t o  two types  - t hose  normally occupied by carbon 
atoms, and t h o s e  normally empty. 
d e f e c t s  which occur  i n  Ne C a r e  carbon atoms miss ing  from t h e  normally oc- 
cupied  o c t a h e d r a l  sites, which may be des igna ted  as carbon vacanc ie s ,  cv, 
and carbon atoms i n  t h e  normally empty o c t a h e d r a l  s i tes ,  des igna ted  as 
carbon i n t e r s t i t i a l s ,  C i .  
fo rmat ion  of carbon vacanc ie s  and i n t e r s t i t i a l s ,  r e s p e c t i v e l y ,  t h e n ,  
For  o u r  purposes ,  
We may t h e r e f o r e  assume t h a t  t h e  p r i n c i p a l  
2 
If Gcv and Gci are t h e  molar  f r e e  e n e r g i e s  of 
f o l l o w i n g  Wagner, t h e  f ree  energy of format ion  of t h e  non- s to i ch iomet r i c  
c a r b i d e ,  AGO may be w r i t t e n  f’ 
where A G n  i s  t h e  s t a n d a r d  free energy of format ion  of  t h e  p e r f e c t l y  ordered  
a l l o y  a t  t h e  s t o i c h i o m e t r i c  composi t ion,  Scf is t h e  c o n f i g u r a t i o n a l  en t ropy  
of  t h e  d e f e c t s  on t h e i r  r e s p e c t i v e  s i tes ,  N N- and N are t h e  number 
of normal atom s i tes ,  number of carbon vacanc ie s ,  number of  carbon i n t e r s t i t i a l s ,  
f 
s’ cv’ Nci’ 
and number of  atoms i n  t h e  s t r u c t u r e .  
If it is now assumed t h a t  t h e  d i s t r i b u t i o n  of vacanc ie s  and i n t e r s t i t i a l s  
is random, and t h a t  t h e  q u a n t i t i t e s  G 
i n  t h e  Me C phase,  t h e n  t h e  f r e e  energy of format ion  as a f u n c t i o n  of 
compos it ion  may be w r i t t e n  , 
and Gci a re  independent  of composi t ion cv 
2 
5. 
c i  Gci + n  A G F  = YAG: + ncv Gcv 
n 1 En (xoy - n 1 ( 5 )  cv c v  - n  R n n  - n  R n n  ci - (XOY - cv  cv c i  
and t h e  r e l a t i v e  p a r t i a l  molar. f r e e  e n e r g i e s  of metal and carbon i n  t h e  c a r b i d e ,  
'%e - AG+ f [ 1 - x ,  1 3 + Ecv + xJ G cv + nci Gci 
L 
1 
where x = atom f r a c t i o n  of carbon i n  t h e  c a r b i d e ,  x, = atom f r a c t i o n  i n  t h e  
S , e tc .  Furthermore,  s i n c e  t h e  metal s t o i c h i o m e t r i c  c a r b i d e ,  y = - cv  
N N 
N N ' "cv = -
atoms are assumed t o  be  a l l  on normal s i tes 
and s i n c e  a t  c o n s t a n t  x t h e  number of carbon atoms i s  c o n s t a n t ,  
6. 
x + n - nci - xoy = 0 (9)  c v  
A t  e q u i l i b r i u m ,  t h e  c o n c e n t r a t i o n  of d e f e c t s  i s  r e l a t e d  t o  t h e  f ree  
energy of format ion  of d e f e c t s ,  t h e r e f o r e ,  
The d e r i v a t i o n  of t h e s e  e q u a t i o n s  is g i v e n  i n  Appendix 1. 
The key t o  t h e  use  of t h e  e q u a t i o n s  f o r  o u r  purposes  l i e s  i n  t h e  fact  
t h a t  t h e  r e l a t i v e  p a r t i a l  molar f r e e  energy of carbon i n  t h e  c a r b i d e ,  AGc, 
as g i v e n  by equat ion  (71, e v a l w t e d  a t  t h e  composi t ion x ir! e q u i l i b r i u m  
- 
YU’ 
w i t h  
f r ee  
I!? 
C ’  
w i t h  
t h e  t e r m i n a l  s o l i d  s o l u t i o n ,  i s  e q u a l  t o  t h e  r e l a t i v e  p a r t i a l  molar 
energy of carbon i n  t h e  t e r m i n a l  s o l u t i o n ,  BE:. I n  o r d e r  t o  e v a l u a t e  
it is necessary  t o  o b t a i n  v a l u e s  of t h e  parameters  G and C, which, 
e q u a t i o r s ( 9 )  and (101, determine t h e  v a l u e s  of n and n This  can 
c v  c i 
c v  c i  * 
be  done i n  s e v e r a l  ways. 
of t h e  fact  t h a t  t h e  t e r m i n a l  s o l i d  s o l u t i o n s  .are d i l u t e ,  and hence AG 
i n  e q u a t i o n  ( 6 )  i s  g iven  b y R a o u l t ’ s  law, as 
The method which w e  have chosen t a k e s  advantage 
1. e 
- a S i n c e  x 
t o  t h e  fact  t h a t  t h e  c a r b i d e  is i n  e q u i l i b r i u m  wi th  n e a r l y  p u r e  metal. 
Advantage i s  a l so  t a k e n  of Rudy and Chang’s estimate of t h e  energy d i f -  
f e r e n c e  of a cdrbon atom i n  t h e  t w o  t ypes  of o c t a h e d r a l  s i t e s  i n  t h e  c a r b i d e ,  
which y i e l d s  a v a l u e  for  t h e  q u a n t i t y  ( G  + G ) i n  e q u a t i o n  (10). Hence, 
it is p o s s i b l e  t o  s o l v e  e q u a t i o n s ( 6 1 ,  (91, and (lo), t o  y-’ ‘ l d  v a l u e s  of 
t h e  pararneters  G and Gci, and thereby  d e f i n e  AG and A5 as  f u n c t i o n s  o f  c v  f C 
is g e n e r a l l y  small ,  AGHe i s  u s u a l l y  c l o s e  t o  z e r o ,  cor responding  
5 





The expe r imen ta l  d a t a  r e q u i r e d  f o r  a p p l i c a t i o n  o f  t h e  methods d i s -  
cussed  above a re ,  (l), composi t iorsof  t h e  t e r m i n a l  s o l i d  s o l u t i o n s ,  and Me2C 
phases  i n  e q u i l i b r i u m ,  and ( 2 ) ,  Free  e n e r g i e s  of format ion  of Me C i n  each 
system. 
c a r b i d e  systems by Rudy and co-workers f o r  much of  t h i s  i n fo rma t ion .  
2 
We are a b l e  t o  t a k e  advantage o f  t h e  r e c e n t  survey  o f  t h e  r e f r a c t o r y  
6 
A 
summmy is g iven  h e r e :  
Molvbdenum - Carbon: 
Compositions of Mo C i n  e q u i l i b r i u m  wi th  t h e  t e r m i n a l  s o l u t i o n  a r e ,  acco rd ing  
to Rudy, e t . a l . ,  as f o l l o w s :  
2 




The on ly  r e c e n t  de t e rmina t ion  of t h e  s o l u b i l i t y  of  C i n  No has  been 
7 
made by Few and Manning, y i e l d i n g  t h e  fo l lowing :  
Temperature O C  Weight % C 
1650 0.0075 
1925  0.0125 
2200 0.0200 
The most re l iab le  v a l u e  of t h e  f r e e  energy o f  format ion  o f  140 C i s ,  2 
6 8 
a c c o r d i n g  t o  t h e  c a r e f u l  survey  of Chang, t h a t  o f  Gleiser and Chipman 
0.449 Mo t 0.449 C(gr)  3 MoC 
= - 5250 - 0.82T (f700) (AG:)298-1340"K 
8 .  
Rudy and Chang have d e t e c t e d  a phase t r a n s f o r m a t i o n  i n  Mo C a t  1475OC 
2 
which t h e y  i n t e r p r e t  as an o rde r -d i so rde r  t r a n s f o r m a t i o n  invo lv ing  t h e  C 
atoms a l o n e .  T h e i r  a n a l y s i s  of t h i s  t r a n s f o r m a t i o n  i n d i c a t e s  t h a t  t h e  
energy r e q u i r e d  t o  t r a n s f e r  a C atom from a normal t o  an  empty o c t a h e d r a l  
s i t e  is about  8500 cal /mol .  
format ion  o f  a p a i r  o f  d e f e c t s ,  and t h e r e f o r e  l e a d s  t o  t h e  s t a t emen t  
Th i s  process  i s  obvious ly  e q u i v a l e n t  t o  t h e  
= 8500 ca l /mol ,  used i n  equat ion  (10). Our c a l c u l a t i o n s  have 
+ Gci 
shown t h a t  t h e  r e s u l t s  are r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  p r e c i s e  va lue  as- 
sumed for G + Gci, because vacancies  predominate  i n  t h e  carbon d e f i c i e n t  cv 
compound. 
Tungsten - Carbon: 
The r e c e n t  work of  
composi t ion o f  W C 
2 
According t o  
Rudy, e t . a l . ,  y i e l d s  t h e  fo l lowing  v a l u e s  for t l ;e  
i n  e q u i l i b r i u m  with t h e  t e r m i n a l  s o l i d  s o l u t i o n .  





Chang, t h e  p r e f e r r e d  va lue  f o r  t h e  f r e e  energy of 
fo rma t ion  of W C is 
2 
W t 1/2 C (gr) = WClI2 
AGOf = (-3,150 f 300) - (0.62 * 0.5) T 
9 
1/2 
T h i s  i s  based upon Mah's de te rmina t ion  of t h e  h e a t  o f  format ion  of WC 
as -3150 * 300 cal/g.atom.W, and an estimate of  t h e  en t ropy  of format ion  
a t  1523OK as 0.62 f 0.5  c a l . / d e g r e c ,  g. atom. W. 
The s o l u b i l i t y  of C i n  W has been r c c e n t l y  rede termined  by Goldschmidt 
9. 
10  
and Brand, w i th  t h e  fo l lowing  r e s u l t s :  





Columbium - Carbon: 
Data r e g a r d i n g  t n e  composi t ions of Nb C i n  equ i l ib r ium wi th  t h e  t e r m i n a l  
11 12  
s o l i d  s o l u t i o n  have been t aken  from Storms and Kr iko r i an ,  E l l i o t ,  and 
Brauer  and Lesser, as g iven  below. 
2 
13 
T h e  pre l i rn inary  s t u d i e s  of Rudy, 
e t . a l . ,  suggest t h a t  a t r ans fo rma t ion  occur s  i n  Nb C a t  -2700OK which i s  
n o t  shown by t h e  above a u t h o r s .  
2 
Temperature O K  Atomic b C -- 
Reference (13) Reference (12 Reference (33) 
I_- I-- -- 
1870-1975 32.9 
2223 30.8 26.5 
2608 28 
2b97-2503 30.8-32 .O 
The s o l u b i l i t y  of C i n  Nb from v a r i o u s  sou rces  i s  g iven  as :  





Based upon t h e  hea t  of formation of -23,300 cal/g.atorn Nb measured by 
Muber, e t . a l . ,  and t h e  h e a t  con ten t  measurements and e s t ima ted  e n t r o p i e s  
of Geld and Kusenka, the  f ree  energy of format ion  of Nb C i s  es t ima ted  as 
f0l . lows : 
14 
1 5  
2 
Nb + 1 / 2  C(gr) = NbClI2 
10. 
1 -  . 
i c  
AGZ = ( -  23,300 * 1700) - (0 .5  * 0.5)  T 
The s e l e c t e d  en t ropy  v a l u e  i s  s t i l l  u n c e r t a i n  and f u r t h e r  s t u d y  i s  
f 2 
be ing  g iven  t o  the q u e s t i o n  of AGO f o r  Nb C.  
Tantalum - Carbon: 
Values of t h e  composition of  Ta C i n  e q u i l i b r i u m  w i t h  t h e  t e r m i n a l  
s o l i d  s o l u t i o n ,  t a k e n  from t h e  r e c e n t  work of Rudy, e t  . a l . ,  are as f o l l o w s :  
2 
Temperature O C  Atomic % C __-_--.--- -1_- 
1600 -32  
2180 31fl 
2843 2 6 f 0 . 5  
According t o  t h e s e  workers Ta C changes i t s  form a t  e l e v a t e d  tenipcmitures, 
and t h e r e  is a s l i g h t  s h i f t  i n  t h e  cor responding  phase hounda3ies.  
2 
This  
t r a n s f o r m a t i o n  has  n o t  been t a k e n  i n t o  account  i n  t h e  ca lcu la t ion : : .  
The s o l u b i l i t y  of C i n  T a ,  acco rd ing  t o  t h e  r e c e n t  work of F r o m  and 
16  
Roy, is g iven  as f o l l o w s :  





0 .6  
2 . 3  
4.5 
7 . 5  
Finally, t h e  f ree  energy  of formation of T a  C i s  g iven  a s  follows: 2 
Ta  t 1 / 2  C = TaC 
1/2 
0 
AGf = ( -  22,000 f 1700) - (0 .56  f 0.5)  T 
17 18 
T h i s  is based upon t h e  h e a t s  of f o r n a t i o n  of Mah, Huber, e t . a l . ,  and 
19 
K r i k o r i a n ' s  estimate of t h e  h e a t  c a p a c i t y  and e n t r o p y .  
The s o l u b i l i t y  d a t a  were i n t e r p o l a t e d  by p l o t t i n g  for t h e  t e r m i n a l  
a 1 1 s o l u t i o n s l o g  x vs .  TOK, and f o r  t h e  Me2C phases  lop; ( b  - x v s .  - Y" To K 
since these yielded roughly straight lines, and from these plots the 
These compositions were used in equations (61, (8 ) ,  (9), and (10) to 
obtain values of the parameters G and Gci, under the assumption that 
G + Gci 9000 cal/mol in all of the systems. Then these parameters 
were used to calculate AE 
in the saturated terminal solid solution. 
t u r n  permits the calculation of AHa and ASa 
CV 
cv 
at x in equation (71, which is equal. to AEa 
C Ya C 
Knowledge of AEa as f(T) in 
C 
from the expression, similar 
c vc 
to equation (3) 
under the assumptions that the carbon atoms are distributed randomly, and 
Afi: and A?:c are independent of temperature and composition. 
of these equations was programmed on an IRI! 7044/1401 computer and t hz  
The solution 
final results are given below, (method 2)  with those obtained from the 
more approximate method mentioned eai3lier (method 1). 
TABLE I: Thermodynamic Properties of the Terminal Solid Solutions --- --__ I__-I__- 
--in Mo, U, Cb, and Ta -- 
System Method 1 --
MO - C 
w - c  
Nb - C 
















MO - C 
w - c  
Nb - C 
Ta - C 









ASa vc  
c a l / d e m e e  e.atom 
-6.7*4.0 
4.2t4.0 
10 .9f3 .2  
9.2'3.2 
The questi-on which i n v a r i a b l y  e x i s t s  w i t h  r e s p e c t  t o  c a l . c u l a t i o n s  such 
as  t h e  above is how r e l i a b l e  a r e  t h e  r e s u l t s ?  With so many f a c t o r s  e n t e r i n g  
i n t o  t h e  c a l c u l a t i o n ,  t h e  answer is not  obvious .  If one c o n s i d e r s  t h e  simpler 
method, f irst ,  however, it appea r s  t h a t  t h e  major f a c t o r s  i n f l u e n c i n g  t h e  
r e s u l t s  are t h e  magnitude of t h e  f r e e  energy of  fo rma t ion  of t h e  c a r b i d e ,  
and t h e  l o c a t i o n  of t h e  phase boundaries r e p r e s e n t i n g  t h e  l i m i t i n g  s o l u b i l i t i e s  
i n  t h e  t e r m i n a l  s o l i d  s o l u t i o n s .  
t h a t  t h e  r e l a t i v e  e r r o r  i n  AE' w i l l  be t h e  same as  t h a t  i n  A G O  
u n c e r t a i n t i e s  i n  t h e  en t ropy  of format ion ,  t h e  r e p o r t e d  u n c e r t a i n t i e s  i n  
From e q u a t i o n  (I.) it i s  a p p a r e n t ,  f i rs t  
Allowing f o r  
C f' 
A G O  are as fo l lows :  Mo2C, *15%; W C , f  40%; Nb2C, * 15%; Ta2C, f 15%. f 2 
S e p a r a t i o n  of A c a  i n t o  AHa and AS:c i n t r o d u c e s  more s e r i o u s  u n c e r t a i n t i e s ,  
C C 
t h e  l a t t e r  v a l u e s  depending upon t h e  t empera tu re  v a r i a t i o n  of t h e  s o l u b i l i t y  
l i m i t s  as well as A G O  
of b o t h  s i d e s  wi th  r e s p e c t  t o  tempera ture  t h a t  
From equat ion  (3) it is  seen  by t a k i n g  t h e  d e r i v i t i v e  f' 
13.  
a Since  x <<1, t h i s  expres s ion  may be w r i t t e n  
1 d Rnxa 3AS; t Rnxa - - AS;, T d ( l / T )  
An e s t i m a t i o n  may be made of t h e  p o s s i b l e  e r r o r  c o n t r i b u t e d  by each o f  t h e  
terms on t h e  r i g h t  of equa t ion  ( 1 3 ) .  
u n c e r t a i n t i e s ,  ASo could  va ry  by about f 
t h e  f irst  term t h e r e f o r e  c o n t r i b u t e  a p o s s i b l e  error of f 1.5 .  
e r r o r  c o n t r i b u t e d  by t h e  second term v a r i e s  from system t o  system. 
assume t h a t  t h e  phase boundar ies  a r e  c o m e c t l y  l o c z t e d  t o  approximate ly  
f 0.2% C ,  t a k i n g  x 
t h e  Nb - C and T a  - C systems % O . O l  t h e  p o s s i b l e  e r r o r  i n  Rnx 
a t  about  f 1 and f 0.2 e.u., r e s p e c t i v e l y .  F i n a l l y ,  judging  from t h e  sca t te r  
of p o i n t s  i n  t h e  &nx vs .  1 / T  p l o t s  shown i n  F i g u r e l ,  t h e  error i n  t h e  de r -  
i v i t i v e  i n  t h e  t h i r d  term must be of t h e  o r d e r  of 20%. S ince  1/T --is 
% - 2-5, a p o s s i b l e  e r r o r  of f 1 e .u .  i s  aga in  sugges t ed .  It appea r s ,  
t h e r e f o r e ,  t h a t  t h e  e r ro r  i n  A?' 
f o r  Mo - C and W - C ,  and f 2.7 e . u .  f o r  Nb - C and T a  - C .  This  cor responds  
t o  p o s s i b l e  e r r o r s  i n  AI?" of t h e  o r d e r  of f 7,000 and 
r e s p e c t i v e l y .  
Judging s imply from t h e  r e p o r t e d  
0.5 e . u .  i n  a l l  of  t h e  systems and 
The p o s s i b l e  
If we 
a f o r  t h e  Mo - C and W - C systems t o  be 0.001 and for 
a is es t ima ted  
a 
a d En>: 
d ( l / T )  
could amount t o  approximately * 3.5 e .u .  vc 
5,400 ca l /mol ,  
C 
It  i s  ev iden t  from Table I t h a t  t h e  c o r r e c t i o n  rriade by a l lowing  
for d e v i a t i o n  of t h e  Me C from s to i ch iomet ry ,  whi le  a n  a p p r e c i a b l e  one, is 
n o t  a major  c o r r e c t i o n .  Therefore ,  
2 
(Compare r e s u l t s  from method 2 and method 1 . )  
it i s  e s t i m a t e d  t h a t  t h e  p o s s i b i l i t i e s  of f u r t h e r  e r r o r s  due t o  u n c e r t a i n t y  
i n  t h e  Me C phase boundar ies  are not  l a r g e ,  and an  increment of f 1,000 cal /mol  
i n  A? and f 0.5 e.u../mol i n  A?c h a s  been a r b i t r a r i l y  s e l e c t e d .  
2 
C 
While t h e  e r r o r s  i n  t h e  c a l q u l a t e d  q u a n t i t i e s  could  e v i d e n t l y  be l a r g e ,  
. .  
1 4 .  . .  
it i s  p robab le  t h a t  compensation o f  e r r o r  among t h e  v a r i o u s  terms l e a d s  
t o  a more s a t i s f a c t o r y  f i n a l  r e s u l t .  
also l e n d  conf idence  i n  t h e  c a l c u l a t e d  v a l u e s .  
of As:c are of t h e  expec ted  s i g n  and o r d e r  of magnitude f o r  all excep t  
t h e  Mo - C system. 
of t h e  Lnx 
t h e  o t h e r s .  
f o r  C i n  Ta, and C i n  W ,  v a l u e s  of Aia and A s a  
W - C system are o b t a i n e d ,  i n  much b e t t e r  accord  wi th  t h e o r y .  
C e r t a i n  r e g u l a r i t i e s  i n  t h e  d a t a  
For  example, t h e  v a l u e s  
However, it w i l l  be noted  i n  F igu re  1 t h a t  t h e  s l o p e  
a v s .  1/T curve  for t h i s  system is  d e c i d e d l y  o u t  o f  accord  wi th  
If t h e  l i n e  for C i n  Mo is drawn p a r a l l e d  t o  and between t h o s e  
similar t o  t h o s e  f o r  t h e  
C v c  
One is  
l e d  t h e r e f o r e  t o  s u s p e c t  a n  e r r o r  i n  t h e  p r e s e n t l y  accep ted  s o l u b i l i t y  
v a l u e  f o r  C i n  No. Secondly t h e  c o r r e c t i o n s  in t roduced  by t h e  use  of  
method 2 i n  v a l u e s  f o r  C i n  Nb seem e x c e s s i v e l y  l a r g e ,  i n  comparison 
wi th  t h e  o t h e r s .  Th i s  may be a t t r i b u t e d  t o  our accep tance  of an exces-  
s i v e l y  large v a r i a t i o n  of t h e  p o s i t i o n  of t h e  Nb C phase boundary F i t h  
t empera tu re .  
2 
These f a c t o r s  are being i n v e s t i g a t e d  f u r t h e r .  
V FUTURE WORK 
Following completion of c a l c u l a t i o n s  o f  t h e  thermodynamic p r o p e r t i e s  
of C i n  t h e  above r e f r a c t o r y  metal systems, an  e f f o r t  w i l l  b e  made t o  
o b t a i n  similar in fo rma t ion  about  0 and N i n  t h e  metals from t h e  r e s p e c t i v e  
phase  d iagrams.  An i n i t i a l  s e a r c h  of t h e  l i t e r a t u r e  s u g g e s t s  t h a t  it should 
be p o s s i b l e  t o  o b t a i n  r e s u l t s  by t h i s  approach ,  s i n c e  c o n s i d e r a b l e  d a t a  
are a v a i l a b l e .  
t h e o r y  o f  such  i n t e r s t i t i t a l  s o l u t i o n s ,  i n  o r d e r  t o  r a t i o n a l i z e  t h e  observed  
A t  t h e  same t ime a t t e n t i o n  w i l l  b e  given t o  t h e  p h y s i c a l  
. .  
15. 
thermochemical behav io r  . 
During t h e  p a s t  y e a r  equipment has been procured  for  t h e  c o n s t r u c t i o n  
of a h igh  t empera tu re  e l e c t r o l y t i c  c e l l  for d i r e c t  measurement of t h e  
thermodynamic p r o p e r t i e s  of t h e  i n t e r s t i t i a l  s o l u t i o n s  by t h e  emf method, 
and a t t e n t i o n  in t h e  f u t u r e  will be g iven  t o  t h e  d e t a i l s  of c e l l  c o n s t r u c t i o n ,  
and assembl ing  of t h i s  a p p a r a t u s .  
I 
l 
P o s s i b l e  l i m i t a t i o n s  on t h e  use  of s o l i d  
e l e c t r o l y t e s  for t h e s e  systems are under s t u d y  s i n c e  t h i s  factor i s  impor t an t  
i n  c h o i c e  of c e l l  des ign .  
16. 





Gcv$ Gci  
Af ic ,  A i i U  
Atom f r a c t i o n  of C i n  Me C phase .  2 
Atom f r a c t i o n  of C i n  Me C phase  a t  s to i ch iomet ry .  2 
Atom f r a c t i o n  of C i n  Me C phase i n  e q u i l i b r i u m  wi th  2 t e r m i n a l  s o l i d  s o l u t i o n .  
Atom f r a c t i o n  of C i n  t e r m i n a l  s o l i d  s o l u t i o n .  
Standard f ree  energy o f  format ion  o f  14e2C. 
S tandmd entropy of format ion  of Me2C. 
S tandard  free energy of  format ion  of pe l - fec t ly  ordered 
Me C a t  t h e  s t o i c h i o m e t r i c  composi t ion.  
Molar free energy of format ion  of carbon vacanc ie s  and 
i n t e r s t i t i a l s ,  r e s p e c t i v e l y .  
2 
P a r t i a l  molar free energy of metal i n  Me C snd t e r m i n a l  
s o l i d  s o l u t i o n ,  r e s p e c t i v e l y .  2 
P a r t i a l  molar entha lpy  o f c a r b o n  i n  Ele C and i n  t e r m i n a l  
s o l i d  s o l u t i o n ,  r e s p e c t i v e l y .  2 
P a r t i a l  molar v i b r a t i o n a l  and c o n f i g u r a t i o n a l  en t ropy  
of C i n  t e rmina l  s o l i d  s o l u t i o n ,  r e s p e c t i v e l y .  
Conf igu ra t iona l  en t ropy  of Me2C phase 
Number of atoms, normal atom s i t e s ,  number of carbon 
v a c a n c i e s ,  and number of carbon i n t e r s t i t i a l s  i n  Me C ,  2 
r e s p e c t i v e l y .  
Nc i n = -  ,.... etc .  
c i  
17 
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APPENDIX I 
DERIVATION OF FREE ENERGY EQUATIONS FOR THE Me C PHASE 
2- 
Assuming t h e  d e f e c t s  e x i s t i n g  i n  t h e  c a r b i d e  are carbon v a c a n c i e s  and 
i n t e r s t i t i a l s  as  
of t h e  compound, . 
d i s c u s s e d  on p 4 -  of t h e  r e p o r t ,  t h e  f ree  energy o f  fo rma t ion  
as  a f u n c t i o n  of composition, i s  expres sed  as 
cv Nc i N S N 
AGOf = jj- AGZ I- -jj- Gcv + Gci - TScf 
The symbols are  d e f i n e d  i n  t h e  t a b l e  of symbols. The c o n f i g u r a t i o n a l  
i s  t h e  c o n f i g u r a t i o n a l  en t ropy  of normal carbon s i t e s ,  p l u s  scf , en t ropy ,  
t h a t  of carSon i n t e r s t i t i a l  s i tes and i s  d e r i v e d  from t h e  Boltzmann expres s ion  
assuming random d i s t r i b u t i o n  of  d e f e c t s  
(xoNs) ! (xoNs 1 ! 
Scf= k Ln W = k Rn + k fin -__I_-- 
(x0Ns - N ) !  (N )T (x0Ns - N .) !  ( N  . I '  cv ' c v  c1 c1 , 
or, upon us ing  S t i r l i n g ' s  approximation 
sCf= R k x o y  Rn xoy - n cv En n cv - n c i  ~ 1 1  n c i  
T h e r e f o r e ,  
c 
ci Gci - RT 2xoy Rn xoy . , .e tc .  c A G F  = y AG;; + n G t n f c v  cv 
I n  o r d e r ' t o  f i n d  t h e  e q u i l i b r i u m  va lues  o f  n 
a t  c o n s t a n t  composition and tempera ture ,  under  t h e  c o n s t r a i n t s :  
and n AGO is minimized cv  c i '  f 
x0Ns = XN + N - N cv  c i  








According to the method of Lagrange, 
a 
and 
8 .  a 4  t x - = o  
a AG; 
a n  a n  
-- 
ci ci 
Sirice - a 4  = 1, and - 2 4  
a "CV a "ci 
= - 1, the condition is obtained, that 
a AG; a AG; 
a n  
- = - -. 
a "ci cv 
Differentiating equation ( 3 ) ,  partially, with respect to n 
substituting in equation (71, 
and n cv ci ' and 
Since n = n - x + xo - fran equation (4) and (51,  we may write cv ci (1 - xo) 
( 7 )  
- 
n = 1/4 E x  - B (1 - x> + i8x2 - 4x + B 2 (1 - x ) d  ( 9 )  ci 
With a knowledge of AG?, GcV, and Gci equations (81, (91, and (13) 
define A G O  as a function of composition. 
the partial molar free energies can be derived 
By the use of standard formulas, f 
20. 
i: 
1 (11) c i  
and Gci 
and Gci = 8500 cal/mol, from t h e  estimate of 
cv - r! xd - ncJ Rn (xoy - n 
i 
Equat ion ( 1 1 )  h a s  been used ,  w i t h  ( 8 )  and ( 3 )  t o  e v a l u a t e  G cv 
under  t h e  assumption t h a t  G 




To a close approximation = 0 a t  t h e  composi t ion 
and AG;: = A G O  a t  t h e  s t o i c h i o m e t r i c  composi t ion as  r e p o r t e d  i n  t h e  l i t e r a t u r e .  
Ya € f 
and Gci, e q u a t i o n  ( 1 0 )  may t h e n  be used t o  e v a l u z t e  A C  a t  t h e  phase  C cv 
. boundapy, and t h u s  AEa = AEc.  C 
